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Abstract: We reduce the intensity noise of laser light by using an electro-optic modulator and
acousto-optic modulator in series. The electro-optic modulator reduces noise at high frequency
(10 kHz to 1 MHz), while the acousto-optic modulator sets the average power of the light and
reduces noise at low frequency (up to 10 kHz). The light is then used to trap single sodium atoms
in an optical tweezer, where the lifetime of the atoms is limited by parametric heating due to
laser noise at twice the trapping frequency. With our noise eater, the noise is reduced by up to
15 dB at these frequencies and the lifetime is increased by an order of magnitude to around 6
seconds. Our technique is general and acts directly on the laser beam, expanding laser options
for sensitive optical trapping applications.
1. Introduction
Low noise lasers are required in a variety of scientific applications including gravitational
wave detection [1], optical communication systems [2], quantum key distribution [3], and atom
trapping [4]. Early approaches [5–7] for intensity noise reduction in solid-state lasers directly fed
back on the current of the pump diodes, which was effective for suppressing large relaxation
oscillation peaks up to 1 MHz. However, if used with commercial lasers, this method is only
suitable for those that can provide a fast feedback electronic path to the pump diode current.
Other approaches that act on the light directly, independently of its source, have been developed
for various frequency ranges of interest. For example, an approach designed for a gravitational
wave detector uses feedback on an acousto-optic modulator (AOM) for frequencies below 10 kHz
and an optical cavity for mode cleanup and frequencies above 1 MHz [8]. The AOM technique
has been shown to be effective to frequencies of 100’s of kHz, limited by the bandwidth of the
AOM [4]. To achieve noise reduction at even higher frequencies, electro-optical modulators
(EOM) and semiconductor optical amplifiers (SOA) have been used. Feedback to an EOM has
allowed for wideband intensity stabilization up to 10 MHz [9], while feedforward has enabled
stabilization into the GHz range [10]. However, in both these cases, there is limited control
over the DC setpoint of the laser light. Another approach involves injecting the laser light into
a semiconductor optical amplifier, running in the saturated regime, which has been shown to
reduce the intensity noise up to 50 MHz [11]. However, these optical amplifiers introduce a large
amount of broadband noise, extending out tens of nanometers, due to amplified spontaneous
emission, requiring the use of a bandpass filter.
Here, we present a scheme for broadband noise reduction up to 1 MHz with large dynamic
range. We implement a noise eater that combines an EOM and an AOM to independently
suppress high (10 kHz–1 MHz) and low (DC–10 kHz) frequency intensity noise in series. We
demonstrate our noise eater in an optical trapping application. Optically trapped ultracold atoms
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and molecules have emerged as a highly controllable and tunable platform for applications in
precision measurement [12–16], quantum simulation [17], and quantum computation [18–20].
These optically trapped atoms and molecules are sensitive to the characteristics of the laser
light forming the trap. In particular, laser intensity noise at twice the trap frequency can cause
motional decoherence and heating [21]. Thus, in many of these applications, laser noise at twice
the trap frequency needs to be suppressed. In optical tweezers, the typical trap frequencies are
in the 10 kHz - 1 MHz region [22–26], and we achieve up to 15 dB noise attenuation in this
region. As a demonstration, we improve our sodium atom lifetime in the optical tweezer from
0.56 s to 5.8s, making it utilizable for further experiments in coherent molecule production [27],
manipulation [28] and quantum gates [20, 29].
2. Experimental setup
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Fig. 1. Schematic of EOM and AOM servo. The 671 nm light (red line) exits the SFG
crystal and is servo-ed by the EOM and the AOM successively. The AOM performs
feedback on DC to 10kHz, and the EOM from 10kHz to 1MHz.
In order to generate high power light at 671 nm for sodium atom trapping, we use sum
frequency generation (SFG) of two commercially available fiber based lasers in the near-IR.
We combine 1557 nm light from a NKT Photonics Erbium-doped fiber amplifier and 1178 nm
light from a MPB Raman fiber amplifier in a MgO-doped periodically poled lithium niobate
(MgO:PPLN) crystal from HC Photonics to get 671 nm light. Most of the noise in the output
visible light comes from the 1178 nm laser, and is broadband at the -100 dBc/Hz level (see blue
curve in Fig. 2). The intensity noise at twice the atom’s trapping frequency (2 faxial = 76 kHz,
2 fradial = 720 kHz) in the tweezer results in parametric heating, which shortens the trap lifetime.
In order to reduce parametric heating and obtain shot to shot stability and control of our trap
intensity, we require feedback control across the DC-1 MHz range. A common approach is to
modulate the RF power in an AOM, thus modulating the amount of power in a diffracted order,
but feedback is limited to the few hundreds of kHz range due to the speed of sound in the AOM
crystal. However, this problem can be alleviated by using an EOM in the amplitude modulator
configuration, which can achieve a higher bandwidth. In the amplitude modulator configuration,
the polarization of light sent through the EOM crystal is rotated using a voltage, and the light is
then attenuated by a polarizer. The difficulty in using EOMs comes from the large half-wave
voltages, which is the voltage required to rotate the linear polarization by 90 degrees. Typically,
hundreds of volts are required for full contrast. High voltage amplifiers with high gain are limited
in bandwidth to several MHz, thus limiting servo performance.
By taking advantage of the strengths of each device independently, we can achieve significant
noise reduction on the entire DC-1 MHz range. The AOM (Gooch and Housego AOMO
3080-125) handles low frequency well with easily achievable full dynamic range. The EOM
(Thorlabs EO-AM-NR-C1) handles high frequency, where we expect the noise to be smaller, so
large dynamic range and thus large voltages are unnecessary.
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Fig. 2. The intensity noise spectrum. In the high-frequency region, the light blue and
the light red curves shows the RIN with the noise eater off and on respectively. And in
the low-frequency region, the blue and the red curves shows the RIN with the noise
eater off and on respectively. In the low frequency region, the background, due to
the dark current of the photodetector, is well below the measured signals. In the high
frequency region, sharp peaks are due to noise in the AOM driver, and are consistent in
both conditions.
In the experiment, we realize this concept with the setup shown in Fig. 1. Feedback is
implemented with a home built proportional-integral-derivative (PID) servo. To fully decouple
the two servos from each other, we cascade them in series. The light first goes through the
EOM, where high frequency noise is reduced, and then through the AOM, where its average
power is set and low frequency noise is suppressed. Since our light is linearly polarized out of
the nonlinear crystal, we use a quarter waveplate before the EOM and a polarizing beamsplitter
(PBS) after the EOM to have linear servo response around zero input to the EOM. The maximum
response is achieved with circularly polarized light as an input, but then transmission is sacrificed
to 50%. Empirically, we find that we have enough response to use elliptically polarized light such
that the transmission is around 80%. We then use a beam sampler to sample off two individual
beams from the main beam and focus both onto photodetectors. We use one photodetector
(Thorlabs PDA10A, bandwidth of 150 MHz for the feedback and the other one (PDA36A,
bandwidth 10 MHz) for independent characterization of the servo performance. For the feedback
photodetector signal, to ensure the EOM only acts on the high frequency components, we use a
high-pass filter (a home built bias-T) with a 3dB cutoff of around 17 kHz to predominantly pass
only the > 17 kHz component to the servo. Without the need to address low frequency noise,
we find that no integrator gain is required to get noise reduction. Some D gain is used to boost
the gain at high frequencies. Furthermore, we pass the feedback signal through a 40 dB gain,
10 MHz bandwidth amplifier (Analog Devices AD8021) in order to increase the P gain beyond
what our primary servo can deliver. Importantly, the phase lags by less than 90 degree across the
whole range, ensuring the system to not have positive feedback.
With the high frequency noise reduced, the light then passes through the AOM. We pick
off some light from the first order diffracted beam and measure its intensity on a PDA10A2
photodetector (bandwidth of 150 MHz) and use it to feedback onto the RF power of the AOM.
This is achieved with a separate home built PID servo, where the feedback signal is fed into the I
port of a mixer to be mixed with the RF that drives the AOM. To ensure that the AOM servo does
not introduce noise in the high frequency regime, we use a home built bias-T to filter out the high
frequency in the photodetector signal as well as a 100 kHz low pass filter on the output of the
servo. Here, we use a combination of P gain and I gain.
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Fig. 3. (a) Intensity noise spectrum in the low-frequency region from 1 kHz–100 kHz.
The blue curve shows the RIN of the free-running laser, without any servoing. The
purple and red curves show the RIN with the AOM noise eater off and on respectively,
while keeping the EOM noise eater on. (b) The noise reduction factor from 1 kHz to 1
MHz. Twice the axial and radial trapping frequency are shown as vertical dashed lines.
3. Results
To characterize the performance of our broadband noise eater, we measure the light intensity on
an independent photodetector, and use a low-noise SR560 preamplifier from Stanford Research
Systems to improve the signal-to-noise ratio. We then measure the amplified signal and perform
a Fourier transform with a Analog Discovery 2 from Digilent.
In Fig. 2, we show how our noise eater performs. We see significant noise reduction, up
to 15dB throughout the 50 kHz - 1MHz band, and up to 20 dB in the 100 Hz - 10 kHz band.
We determine the performance of the AOM at low frequency by measuring the light on an
independent photodetector after the AOM. In Fig. 3(a), we keep the EOM servo active, while
comparing the results with and without the AOM servo active. Turning on the AOM servo
reduces the noise in the 20 Hz - 10 kHz range, which is unaddressed by the EOM servo. In the
10 kHz - 50 kHz range, by design, due to the bias T cutoff frequency of 17 kHz, both servos do
not reduce the noise in this range, and there is at most a 1 dB increase in the noise. We note that
both servos have no appreciable effect on the noise above 1 MHz.
We further characterize our servo performance by measuring the lifetime of a sodium atom
in an optical tweezer formed from the 671 nm light, which is red detuned from the Na 3s to 3p
transition at about 589 nm. The light is focused to a diffraction limited spot with a 0.55 numerical
aperture microscope objective. In this system, the lifetime of the atom is limited by parametric
heating at twice the trap frequency in any of the three axes. With a lower noise laser source, we
see an increase in the atom lifetime.
We stochastically load single sodium atoms into an optical tweezer from a magneto-optical
trap (MOT) [30]. We then hold the atom for a variable amount of time in the 671 nm optical
tweezer, and measure the survival probability with and without the noise eater active. The results
in Fig. 4(b) show an increase in the atom lifetime when the noise eater is used.
For a more quantitative analysis of the data, we fit the survival probabilities following the
model in Ref. [21]. We assume an initial Maxwell-Boltzmann energy distribution, instead of a
Bose-Einstein distribution, since we are loading one atom at a time. We then evolve the energy
distribution to time t using the Fokker-Planck equation with a heating rate, Γ. Then, to obtain
the survival probability of the atoms, we calculate the portion of the distribution that is lower
in energy than the trap depth. From this procedure, we fit the heating rate, and the ratio of the
initial temperature to the trap depth. We measure the trap power, beam waist, and convert to a
trap depth [31]. Using this trap depth of 5.7 mK, we can then extract an initial temperature, T0.
We fit both the servo active and free running cases shown in Fig. 4 together, extracting a
common T0 along with heating rates, Γservo and Γfree:
T0 = 0.50 ± 0.02 mK
Γfree = 3.50 ± 0.03 s−1
Γservo = 0.348 ± 0.003 s−1
(1)
The noise eater reduces the heating rate by a factor of 10, which increases the 1/e lifetime from
0.56s to 5.8s.
As a further check to the validity of the model, we can also extract the heating rates directly
from the intensity spectra. The relationship between heating rate along axis i and intensity noise
is given in Ref. [21] by
Γi = pi
2 × f 2i × Sk(2 fi) (2)
where Sk(2 fi) is the one-sided power spectrum of the fractional fluctuation in the light intensity
of the tweezer at twice the trap frequency of axis i. Assuming ergodicity, the heating rate
in the 3D trap is then given by the arithmetic average of the heating rate in each direction,
Γ = (Γx + Γy + Γz)/3 [21]. To extract these heating rates, we measure our trap frequencies
using Raman sideband spectroscopy [32, 33]. The trap frequencies in our cylindrical trap are
fradial = fx = fy = 360 ± 3 kHz, faxial = fz = 38 ± 1kHz. Using the noise spectra, we extract
the expected heating rates for the servo active and free running conditions Γfree = 5.1 ± 0.9 s−1
and Γservo = 0.3 ± 0.1 s−1. These values are in reasonable agreement with the heating rates we
extracted from the survival data (Eq. 1), indicating that parametric heating from the tweezer light
is the dominant mechanism limiting the atom lifetime. A separate independent measurement in a
different wavelength optical tweezer also indicated that the lifetime is not limited by collisions
with the background gas.
4. Conclusion
In conclusion, we developed a scheme for broadband intensity noise reduction in lasers. In our
case, we are able to reduce the intensity noise of an optical tweezer up to 15 dB over a 1 MHz
band with the noise eater we designed. The EOM and AOM feedback loops work separately on
the intensity noise in the high frequency region and low frequency region. We have demonstrated
stable trapping of a single sodium atom in this 671 nm optical tweezer. With the noise eater, we
achieve about a 10 times lower heating rate, leading to a lifetime longer than 5 s. The heating
rates extracted from the lifetime data are in good agreement with the results calculated from the
noise spectra based on the parametric heating mechanism. With this servo scheme, we show that
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Fig. 4. (a) Optical tweezer setup.The dotted rectangle shows the vacuum chamber. The
red beam shows the Gaussian laser beam from the objective to trap the atom, which is
shown with the white ball in the center. The trapped atom in the tweezer moves like a
3D harmonic oscillator with a low axial frequency and a high radial frequency. (b) The
survival probability of the atom as a function of time. The blue and black points are the
experimental data when the servo is active or not. The blue solid line and the black
dashed line are the corresponding fits.
atom loss in optical tweezers due to parametric heating is reduced. This reduction in atom loss is
critical for future experimentation in quantum computation and simulation with neutral atom
tweezer arrays, where atom loss becomes exponentially worse with system size.
5. Acknowledgement
We would like to thank Yichao Yu and Ming-Guang Hu for helpful discussions. This work is
supported by ARO DURIP (W911NF1810194), the NSF-CUA (PHY-1734011) and the Camille
and Henry Dreyfus Foundation (TC-18-003) K. W. is supported by an NSF GRFP fellowship.
References
1. J. Aasi, B. Abbott, R. Abbott, T. Abbott, M. Abernathy, K. Ackley, C. Adams, T. Adams, P. Addesso, R. Adhikari
et al., “Advanced ligo,” Class. quantum gravity 32, 074001 (2015).
2. M. Ahmed and M. Yamada, “Effect of intensity noise of semiconductor lasers on the digital modulation characteristics
and the bit error rate of optical communication systems,” J. Appl. Phys. 104, 013104 (2008).
3. L. S. Madsen, V. C. Usenko, M. Lassen, R. Filip, and U. L. Andersen, “Continuous variable quantum key distribution
with modulated entangled states,” Nat. communications 3, 1083 (2012).
4. S. Blatt, A. Mazurenko, M. Parsons, C. Chiu, F. Huber, and M. Greiner, “Low-noise optical lattices for ultracold li 6,”
Phys. Rev. A 92, 021402 (2015).
5. C. Harb, M. Gray, H.-A. Bachor, R. Schilling, P. Rottengatter, I. Freitag, and H. Welling, “Suppression of the intensity
noise in a diode-pumped neodymium: Yag nonplanar ring laser,” IEEE journal quantum electronics 30, 2907–2913
(1994).
6. S. Taccheo, G. Sorbello, P. Laporta, and C. Svelto, “Suppression of intensity noise in a diode-pumped tm–ho:yag
laser,” Opt. Lett. 25, 1642–1644 (2000).
7. T. J. Kane, “Intensity noise in diode-pumped single-frequency nd: Yag lasers and its control by electronic feedback,”
IEEE Photonics Technol. Lett. 2, 244–245 (1990).
8. P. Kwee, C. Bogan, K. Danzmann, M. Frede, H. Kim, P. King, J. Pöld, O. Puncken, R. L. Savage, F. Seifert et al.,
“Stabilized high-power laser system for the gravitational wave detector advanced ligo,” Opt. express 20, 10617–10634
(2012).
9. E. N. Ivanov and L. Hollberg, “Wide-band suppression of laser intensity noise,” in 2007 IEEE International Frequency
Control Symposium Joint with the 21st European Frequency and Time Forum, (IEEE, 2007), pp. 1082–1087.
10. E. A. Michael and L. Pallanca, “Broadband near-to-shot-noise suppression of arbitrary cw-laser excess intensity
noise in the gigahertz range,” Opt. letters 40, 1334–1337 (2015).
11. Q. Zhao, S. Xu, K. Zhou, C. Yang, C. Li, Z. Feng, M. Peng, H. Deng, and Z. Yang, “Broad-bandwidth near-shot-
noise-limited intensity noise suppression of a single-frequency fiber laser,” Opt. letters 41, 1333–1335 (2016).
12. R. Parker, M. Dietrich, M. Kalita, N. Lemke, K. Bailey, M. Bishof, J. Greene, R. Holt, W. Korsch, Z.-T. Lu et al.,
“First measurement of the atomic electric dipole moment of ra 225,” Phys. review letters 114, 233002 (2015).
13. I. Kozyryev and N. R. Hutzler, “Precision measurement of time-reversal symmetry violation with laser-cooled
polyatomic molecules,” Phys. review letters 119, 133002 (2017).
14. T. Bothwell, D. Kedar, E. Oelker, J. M. Robinson, S. L. Bromley, W. L. Tew, J. Ye, and C. J. Kennedy, “Jila sri optical
lattice clock with uncertainty of,” Metrologia 56, 065004 (2019).
15. S. Kondov, C.-H. Lee, K. Leung, C. Liedl, I. Majewska, R. Moszynski, and T. Zelevinsky, “Molecular lattice clock
with long vibrational coherence,” Nat. Phys. 15, 1118–1122 (2019).
16. M. Takamoto, F.-L. Hong, R. Higashi, and H. Katori, “An optical lattice clock,” Nature 435, 321–324 (2005).
17. A. Browaeys and T. Lahaye, “Many-body physics with individually controlled rydberg atoms,” Nat. Phys. pp. 1–11
(2020).
18. H. Levine, A. Keesling, G. Semeghini, A. Omran, T. T. Wang, S. Ebadi, H. Bernien, M. Greiner, V. Vuletić, H. Pichler,
and M. D. Lukin, “Parallel implementation of high-fidelity multiqubit gates with neutral atoms,” Phys. Rev. Lett. 123,
170503 (2019).
19. T. Graham, M. Kwon, B. Grinkemeyer, Z. Marra, X. Jiang, M. Lichtman, Y. Sun, M. Ebert, and M. Saffman,
“Rydberg-mediated entanglement in a two-dimensional neutral atom qubit array,” Phys. Rev. Lett. 123, 230501
(2019).
20. K.-K. Ni, T. Rosenband, and D. D. Grimes, “Dipolar exchange quantum logic gate with polar molecules,” Chem.
science 9, 6830–6838 (2018).
21. M. Gehm, K. OâĂŹhara, T. Savard, and J. Thomas, “Dynamics of noise-induced heating in atom traps,” Phys. Rev. A
58, 3914 (1998).
22. A. M. Kaufman, B. J. Lester, and C. A. Regal, “Cooling a single atom in an optical tweezer to its quantum ground
state,” Phys. Rev. X 2, 041014 (2012).
23. J. D. Thompson, T. Tiecke, A. S. Zibrov, V. Vuletić, and M. D. Lukin, “Coherence and raman sideband cooling of a
single atom in an optical tweezer,” Phys. Rev. Lett. 110, 133001 (2013).
24. C. Tuchendler, A. M. Lance, A. Browaeys, Y. R. Sortais, and P. Grangier, “Energy distribution and cooling of a single
atom in an optical tweezer,” Phys. Rev. A 78, 033425 (2008).
25. L. Liu, J. Hood, Y. Yu, J. Zhang, K. Wang, Y.-W. Lin, T. Rosenband, and K.-K. Ni, “Molecular assembly of
ground-state cooled single atoms,” Phys. Rev. X 9, 021039 (2019).
26. L. Anderegg, L. W. Cheuk, Y. Bao, S. Burchesky, W. Ketterle, K.-K. Ni, and J. M. Doyle, “An optical tweezer array
of ultracold molecules,” Science 365, 1156–1158 (2019).
27. J. T. Zhang, Y. Yu, W. B. Cairncross, K. Wang, L. R. B. Picard, J. D. Hood, Y.-W. Lin, J. M. Hutson, and K.-K. Ni,
“Forming a single molecule by magnetoassociation in an optical tweezer,” Phys. Rev. Lett. 124, 253401 (2020).
28. J. W. Park, Z. Z. Yan, H. Loh, S. A. Will, and M. W. Zwierlein, “Second-scale nuclear spin coherence time of
ultracold 23na40k molecules,” Science 357, 372–375 (2017).
29. D. Jaksch, J. Cirac, P. Zoller, S. Rolston, R. Côté, and M. Lukin, “Fast quantum gates for neutral atoms,” Phys. Rev.
Lett. 85, 2208 (2000).
30. N. R. Hutzler, L. R. Liu, Y. Yu, and K.-K. Ni, “Eliminating light shifts for single atom trapping,” New J. Phys. 19,
023007 (2017).
31. B. Arora, M. Safronova, and C. W. Clark, “Magic wavelengths for the n p- n s transitions in alkali-metal atoms,”
Phys. Rev. A 76, 052509 (2007).
32. Y. Yu, N. R. Hutzler, J. T. Zhang, L. R. Liu, J. D. Hood, T. Rosenband, and K.-K. Ni, “Motional-ground-state cooling
outside the lamb-dicke regime,” Phys. Rev. A 97, 063423 (2018).
33. C. Monroe, D. M. Meekhof, B. E. King, S. R. Jefferts, W. M. Itano, D. J. Wineland, and P. Gould, “Resolved-sideband
raman cooling of a bound atom to the 3d zero-point energy,” Phys. Rev. Lett. 75, 4011–4014 (1995).
